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Speculation about the ability of various micro-
organisms to digest naturally-occurring keratin
materials has prompted a number of investiga-
tions (1—37). Opinions and findings of various
investigators have varied and much of the
earlier experimental work is open to critical
re-evaluation (15, 38, 39) because of several
basic defects in the methods of approach and
interpretation of results.
Noval and Nickerson (15, 16) have obtained
reasonable evidence for keratinolytic activity
of a strain of Streptomyces fradiae which was
selected because of its impressive ability to
digest wool samples in a gross fashion. Their
study represents a carefully constructed eval-
uation of this problem and is used, in part, as
a prototype for the investigation reported in
this paper. Noval and Nickerson recognized
many of the problems inherent in such an
investigation, particularly the basic problem of
preservation of the integrity of such a complex
group of substances as native keratin substrates.
They emphasized the necessity of the gentle
handling of keratin materials in the process of
cleaning, finely dividing and sterilizing them.
The failure to emphasize such details by many
of the previous investigators tends to invalidate
some of their observations and conclusions.
There is convincing evidence, for instance, that
ball-milling and autoclaving of wool (27) mark-
edly decreases the cystine content by disrupting
disulfide linkages and that even a single passage
through a Wiley mill renders wool substan-
tially less resistant to tryptic digestion (26).
There is also evidence that organisms which
do not grow on naturally-occurring keratin
substrates will show growth on denatured
keratins (34). For example, the alteration of
native keratin materials (40) by chemical rup-
ture of cross linkages allows significantly in-
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creased growth of several dermatophytes while
chemical inducement of additional cross link-
ages decreases or inhibits growth. Thus, studies
in which processed wool fabric (2, 22) is used
as a substrate can hardly be expected to yield
information of value in regard to keratinolytic
activity of fungi on native keratin.
Another major problem is to provide un-
equivocal evidence of digestion of keratin it-
self. Native keratin substrates are complex
substances containing, in addition to several
types of keratin molecules, various non-kerat-
inous organic components capable of pro-
viding substantial nutritive substrate without
the occurrence of keratinolysis. Bolliger (41,
42) lists many such water extractable sub-
stances for several hard keratins and in
addition there are others not so easily extract-
able. Hence, the observation of growth of a
microorganism on a keratin substrate does not
establish keratinolysis nor does visible disrup-
tion of the keratinous material itself (hair,
nails, etc.) prove that keratinolysis has oc-
curred, since the disruption may be simply
mechanical (39) through growth of organisms
in the interstices of the material.
The most distinctive chemical characteristic
of keratin, which sets it apart from other
fibrillar proteins, is its high cystine content.
The disulfide linkages of the cystine molecules
are thought to be largely responsible for pro-
viding stability to the keratin molecule and
rendering it more resistant to enzymatic diges-
tion. Demonstration of the ability of fungi
growing upon keratin to release soluble sulf-
hydryl-containing amino acids and polypeptides
into the medium in quantities significantly
greater than those released by controls or by
tryptic digestion of keratin would provide con-
vincing evidence of keratinolysis. It is upon
this premise that many of the following ob-
servations and conclusions are based.
MATERIALS AND METHODS
I. Preparation of Keratin Substrate
Freshly shorn wool of medium fiber diameter,
obtained from undipped Suffolk sheep, was sorted
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and the cleanest wool selected for further process-
ing as follows:
A. Single extraction with chloroform followed
by air drying and then five washings with distilled
water followed by air drying.
B. Careful removal of insoluble debris by hand.
C. Repeat of Part A.
D. Cutting by scissors into short fragments
and sifting through a plain copper screen.
E. Repeat of Part A.
The final rinse water was found on preliminary
studies to be ninhydrin negative and to show a
negligible absorption at 280 millimicron (protein)
using a Beckman DU spectrophotometer.
The wool was then weighed into two gram
aliquots which were sterilized in plugged Erlen-
meyer flasks by ethylene oxide in a Brewer
anaerobic jar at room temperature for 48 hours
(modified method of Noval and Nickprson) (15),
after which the sterility of the samples was
checked by the addition of aliquots of the wool
to both thioglycollate broth and Sabouraud's
Dextrose agar slants.
II. Preparation of Flasks for Inoculation
A basal salts solution was employed which
contained the following ingredients per liter of
glass distilled water:
K211P01—1.5 Gnm
MgSOe7H2O—.025 Gms
CaCh—.025 Gms
Fe50e71120—.015 Gms
Zn504 71120—005 Gms
Fernbach flasks containing 390 cc of the basal
salts solution were autoclaved at 15 pounds for
15 minutes. The final pH after autoclaving was
8.3—8.4.
III. Preparation of Fun gal Inoculum
Two strains of Microsporum canis (American
Type Culture Collection Strains 10214 and 11621)
and two strains of Microsporum gypseum (Ameri-
can Type Culture Collection Strains 9083 and
10215) were grown on Sabouraud's dextrose agar
slants. The mycelial mats were removed and
homogenized in a small quantity of basal salts
solution under sterile conditions. This suspension
was used to inoculate flasks containing Czapek-
Dox broth (1000 cc) which were then continuously
agitated on a gyrorotary shaker. The fungi grew
slowly as discrete hyphal pellets over a period
of several weeks. When the average pellet diameter
approximated ½ centimeter, samples were removed
to check for bacterial contamination and the
contents of the flasks were centrifuged and the ex-
cess medium discarded. The fungi were resuspended
in a solution containing Kanamycin (40 mg/cc)
in basal salts solution. Thus 10 cc of this inoculurn
yielded a final concentration in the Fernbach
flasks of 1 mgm of Kanamycin per cc.
IV. Inoculation of Fernbach Flasks
The Fernbach flasks containing 390 cc of sterile
basal salts were divided into the following groups:
A. Keratin Controls—to which were added 2
gms of sterile wool and 10 cc of basal salts
solution containing Kanarnycin (40 mgm/cc).
B. Fungus Controls—to which were added 10
cc of the fungal inoculum.
C. Test Samples—to which were added 2
gms of sterile wool plus 10 cc of the fungal
inoculum.
The flasks were plugged with cotton and
gauze, weighed and incubated as static cultures.
Previous pilot studies had indicated no advantage
from the use of agitated cultures in this study.
This is probably because the Fernbach flasks
provided a large surface area for gas exchange
in relation to fluid volume (the depth of the
medium is about 1 cm). Three temperatures were
used for incubation: 35° C., 30° C. and room
temperature which ranged from 22.2° C. to
29.5° C.
V. Removal of Samples
Aliquots (10 cc) were removed from all flasks
at the end of 24 hours, at 7 weeks and at 10
weeks. Prior to removal of samples, the flasks
were reweighed and appropriate amounts of
sterile basal salts solution added to each flask
to restore the volume lost by evaporation since
the previous sampling in order to eliminate this
concentrating effect.
Portions of each sample were added to thio-
glycollate broth and Sabouraud's dextrose agar
to test for bacterial or fungal contamination.
Prior to the use of Kanamycin much difficulty had
been encountered with bacterial contamination of
those flasks containing wool samples (presumably
the result of spore forms resistant to ethylene
oxide) but this was largely eliminated by the
use of this antibiotic.
VI. Determination of Soluble Sulfhydryl-
Containing Compounds
Portions of the supernate from the centrifuged
aliquots were analyzed for the content of soluble
sulfhydryl-containing compounds by the spectro-
photometric method of Boyer (43). Cysteine
was used as a standard and soluble sulfhydryl-
containing compounds are expressed in terms of
equivalence to cysteine (micrograms per cc of
medium with an average experimental variation of
micrograms of cysteine/cc).
Amperometric titrations of soluble sulfhydryl—
containing compounds were conducted by the
method of Kolthoff (44, 45) on the aliquots
removed from time to time to confirm the specific-
ity of the spectrophotometric method. The two
methods were in substantial agreement and, be-
cause the spectrophotometric method was more
rapid and more sensitive it was used routinely
for the determinations.
VI]. Determination of Protein
The supernate of the centrifuged aliquots was
analyzed for protein content using the method
of Lowry et al. (46). Freshly prepared bovine
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Strain 10214
350 C.
Fungus control
Test sample
300 C.
Fungus control
Test sample
Room temp.
Fungus control
Test sample
Strain 11621
350 C.
Fungus control
Test sample
30° C.
Fungus control
Test sample
Room temp.
Fungus control
Test sample
VIII. Tryptic Digestion of Wool Samples
Samples of both sterilized and unsterilized
wool were digested with 0.025% trypsin (Paren-
zyme) in basal salts solution. The digestion was
carried out for one 72 hour period followed by
two 48 hour periods at 30° C. using freshly pre-
pared trypsin solution for each digestion period.
Soluble sulfhydryl—containing compounds and pro-
teins were measured before and after each diges-
tion period and compared with control wool
samples incubated in basal salts solution.
RESULTS
The results of the evaluation of two strains
of Micros porum canis and two strains of Micro-
sporum gypseum are presented in Tables I—ITT
and in Figures 1—8. In all figures (1—8) the
values for the keratin control flasks (Table I)
are added to those of the fungus control flasks
(Tables II and III) to provide the basis for
comparison with the test samples (Tables II
and III) containing both keratin and fungal
organisms.
Correct interpretation of the data presented
depends upon realization that the significant
factor is not an absolute value for soluble
sulfhydryl-containing compounds or for protein
but, rather, the difference in values between the
sum of the controls and the test samples. The
values for soluble sulfhydryl-containing com-
pounds and protein presented in the tables are
only a proportionate fraction of the actual
total release of such substances during the
entire period of incubation and, in fact, rep-
resent indicators of the metabolic balance be-
TABLE I
Keratin controls at various temperatures
Sulfhydryl Determinations in Micrograms
Cysteine per cc Medium
Protein Determinations in Micrograms
Protein per cc Medium
35° C.
Keratin
Controls
Average
30° C.
Keratin
Controls
Average
Room temp.
Keratin
Controls
Average
24 hrs. 7 wks. 10 wks. 24 hrs. 7 wks. 10 wks.
1.0 7.9 8.6 9.0 40.0 45.0
0.0 9.0 9.8 9.0 40.0 39.0
0.5 8.5 9.2 9.0 40.0 42.0
0.0 5.7 6.3 13.5 35.5 33.0
0.3 5.9 6.5 9.0 39.0 35.0
0.1 5.8 6.4 11.2 37.2 34.0
0.7 3.5 3.9 16.5 25.0 25.0
0.0 6.0 6.5 13.5 28.5 27.0
0.3 4.7 5.2 15.0 26.8 26.0
TABLE II
Two strains of Microsporum canis—fungus controls
and test samples at various temperatures
Sulfhydryl
Determinations
in Micrograms
Cysteine per cc
Medium
hrs. wks.
Protein
Determinations
in Micrograms
Protein per cc
Medium
24 7 10
hrs. wks. wks.
0.0
1.0
5.0
15.0
0.0 0.0
15.5 19.0
0.0 8.0
11.0 56.0
0.0 0.3 0.0 4.0 0.0 4.5
0.0 23.9 31.7 14.5 94.0 119.5
0.0
0.5
1.7
2.4
0.0 0.5 5.0 0.0 0.0
15.7 21.0 10.5 79.0 105.5
2.1 2.2 9.0 0.0 9.0
13.816.415.044.0 44.0
1.4 2.4 2.4
2.6 10.0 12.2
4.0
12.0
0.0 12.5
24.0 35.0
0.7 2.8 1.5 6.0 0.0
1.7 6.3 8.1 15.0 11.0
7.0
23.0
albumin was used as a standard and values are
expressed as micrograms of protein per cc of
medium. (Average experimental variation mi-
crograms of protein/cc.)
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tween release of, and destruction or utilization
of, these substances. This is particularly im-
portant in consideration of values for soluble
sulfhydryl-containing compounds, the chief rep-
resentative of which is presumably cysteine,
because of the findings of Stahl and coworkers
(25) that cysteine is quite unstable in a similar
system.
Figures 1 and 2: Strain 10214 of Micro-
spo rum canis shows a significantly greater re-
lease of soluble sulfhydryl-containing com-
pounds from ethylene oxide-sterilized wool than
shown by the controls. Maximum act:ivity is
at 300 C. Protein values are higher in the test
sample than in the control flasks but these
values are far less reliable as indicators of
keratinolysis.
Figures 3 and 4: Strain 11621 of Micro-
sporum canis shows no significant difference
between the controls and the test sample by
either measurement under the particular con-
ditions of this experiment. Failure of this or-
ganism to release significantly greater amounts
TABLE III
Two strains of Microsporum gypseum—fungus
controls and test samples at various temperatures
Strain 9083
350 C.
Fungus control
Test sample
300 C.
Fungus control
Test sample
Room temp.
Fungus control
Test sample
Strain 10215
350 C°
Fungus control
Test sample
30° C.
Fungus control
Test sample
Room temp.
Fungus control
Test sample
of soluble sulfhydryl-containing compounds
from the wool may be the result of either
absence of keratinolytic activity or, more likely,
a much smaller fungal inoculum than was used
for investigation of the other strains.
Figures 5 and 6: Strain 9083 of Microsporum
gypseum shows significantly greater release of
sulfhydryl-containing compounds than does the
sum of the controls. Protein values are not
greatly different.
Figures 7 and 8: Strain 10215 of Micro-
sporum gypseum shows significantly greater
release of sulfhydryl-containing compounds than
the sum of the controls. Temperature dif-
ferences are slight and probably not significant.
The protein release in the test samples is also
significantly greater than that in the sum of the
controls.
Figures 9 and 10: Tryptic digestion of both
sterilized and unsterilized wool is analyzed in
these two figures.
Since the same wool sample (5 mgrn/cc) in
each case was resuspended (5 mgrn/cc) in
fresh .025% trypsin solution at the end of
three days and again at the end of five days,
the values presented in Figures 9 and 10 as
points are not cumulative values but represent
release of the substances during each period of
digestion.
We interpret the data as indicating a some-
what greater release of soluble sulfhydryl-con-
taming compounds from wool sterilized with
ethylene oxide than from unsterilized wool by
.025% trypsin solution. The maximum release
was observed to occur during the first period
of incubation and did not exceed 11 micrograms
per cc. The release was not sustained and the
total release was 16 micrograms per cc. These
figures are not of an order of magnitude to
result in serious depletion of the total content
of soluble sulfhydryl-containing compounds of
the wool samples used (prior determinations
reveal that a 5 mgm sample of our wool per
cc releases 555 micrograms of soluble sulfhydryl-
containing compounds upon complete solubil-
ization following refluxing with a mixture of
hydrochloric acid 20% and formic acid 50%).
Nevertheless we must conclude, in contrast
to observations of Noval and Nickerson (15),
ethylene oxide sterilization does alter wool to
a limited extent as far as its digestibility by
trypsin is concerned and this alteration must
SulfhydrylDeterminations
in Micrograms
Cysteine per cc
Medium
24 7
hrs. wks.
Protein
Determinations
in Micrograms
Protein per cc
Medium
24 7 10
hrs. wks. wks.
0.0 0.0 0.0
0041.0 58.5
0.0 0.0
50.0 61.5
D.0 0.0 0.0
5.0 40.0 57.0
10
wks.
0.0
24.3
0.0 0.0
22.15.0
0.0
12.4
0.3 0.0
2.2 20.8
0.8 0.0
1.7 17.0
0.7 0.0
1.4 8.6
0.7 0.0 0.50.0 0.0 10.0
1.2 18.0 25.55.0 78.0 105.5
0.3 0.3
1.7 15.9
1.0 0.0
1.7 14.6
0.0 4.5 12.5
SO 19.0 95.5
0.0
19.8
0.0
17.9
0.0 0.0
0.5 82.5
7.0
118.5
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which render the keratin substrate more readily
digestible.
DISCUSSION
The ability of dermatophytes to grow on
native keratin substrates has been recognized
for many years and has led various inves-
tigators to conclude that growth alone is proof
of keratinolytic activity (2, 5, 11, 17, 20, 22,
31, 32, 35, 36, 37). The fallacy of this conclu-
sion was pointed out by Raubitschek (39) who
decided in 1961 that no evidence of chemical
keratinolysis for any of the dermatophytes had
been uncovered up to the time of publication
of his article. In 1961, Chattaway et al. (38)
also expressed skepticism about keratinase
activity of dermatophytes. The evidence for
keratinolytic activity of dermatophytes other
than that of visible growth on keratin will be
briefly presented in the remainder of this sec-
tion.
Daniels (3), in addition to noting penetration
and disruption of human hair by Microsporum
canis, also qualitatively determined the release
of amino acids into the medium similar to amino
acids found after hydrolysis of the hair. How-
ever, conclusions based on the use of human
hair may be subject to error unless it is certain
that the hair has not be subjected to heat or
damaging chemicals (waving lotions for in-
stance). Unfortunately in Daniel's study the
hair was also damaged by heat sterilization.
Furthermore, qualitative release of amino acids
provides no assurance of keratinolysis since
Bolliger (41) found amino acids in simple
aqueous extracts of hair.
The most elaborate investigations of the
ability of a dermatophyte (Microsporum
gypseum) to digest wool keratin was that of
Stahl and coworkers (12, 25, 26, 27, 28, 34).
They measured the cystine, cysteine, sulfate,
and ammonia nitrogen contents of the residue
remaining after incubation, consisting of my-
celium plus wool. They observed a fall in
cysteine and nitrogen and a rise in cystine and
sulfate which lasted only 14—21 days and which
they interpreted as indicating limited keratinoly-
sis. Their investigation had some inherent draw-
backs, several of which the authors recognized.
1. The wool was subjected to both milling
and autoclaving and, hence, was partially dena-
tured.
2. Chemical analyses were performed on the
insoluble residues necessitating some attempt
to separate chemical values for wool from those
for the mycelium, a task not possible by direct
means and not entirely acceptable as accurate
by the indirect methods used in their study.
3. The experiments were discontinued too
early, probably before true keratinolysis actu-
ally occurred, and this, perhaps more than any
Wool in Basal Salts
Sterilized Wool in
.025% Trypsin
Unsterilized Wool in
.025%Trypsin
8
'4-
as 2-a
10-
U,0
S 6-
U)8 4-a0'o 2-
8
0
C)a
C
0
a-
0
8a
a,0
I 1 I I I I I01234561
Time in Days
FIG. 9
Time in Days
FIG. 10
308 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
II-
¼, 0—
0— I I I I I I
I 4 8 12 6 20 24 28 32 36
TUne in Days
FIG. 11
other, is the most troublesome feature of their
study.
The authors interpreted a lack of change of
the chemical analyses (cystine, cysteine, sulfate,
ammonia nitrogen) occurring between the 14th
and 21st day as the result of cessation of kera-
tinolytic activity, when, in fact, it is probable
that true keratinolysis had not yet occurred to
a significant degree. For instance, their values for
cystine content of the wool residues showed a
gradual increase (8.55% to 10.29%) from the
start of the experiment to the fourteenth day
(28). Rather than indicating keratinolysis this
would point to a gradual dissolution of the non-
keratinous material, leaving increasingly higher
concentrations of cystine-rich keratin.
One of our preliminary studies on a strain of
Micros po.rum gypseum involved removal of
aliquots of the test sample at four day intervals
for the determination of soluble sulfhydryl-con-
taming compounds. Figure 11 illustrates the
fact that a fall in values occurred from the
eighth to the twentieth day after which a slow
sustained rise occurred. We interpret this find-
ing as indicating that the organism will utilize
the more readily digestible material first and
that, until this is exhausted, true keratinolysis
will not occur to any measurable degree.
Barlow and Chattaway (40) noted decreased
resistance of keratin to digestion by certain
dermatophytes when disulfide linkages were
chemically disrupted and conversely increased
resistance with creation of additional linkages
chemically. This work, however, does not pro-
vide biochemical data to help settle the issue
of whether dermatophytes are capable of kerat-
inolysis of unaltered keratin.
Chattaway et al. (38) investigated cell-free
peptidase extracts from two trichophyton strains
(T. rubrum and T. verrucosum) for keratinase
activity using essentially the same criteria as we
have used for determining keratinolysis and
were unable to find such activity. This is not
conclusive evidence of lack of such activity by
the organisms except under the highly artificial
conditions imposed by their experimental proce-
dure.
Mercer and Verma (14) in an electron micro-
scopic study of hair penetration by T. men-
tagrophytes give additional indirect support to
the concept that true keratinolysis is within the
capability of the dermatophytes.
Additional suggestive evidence for keratino-
lytic activity by dermatophyte organisms is pre-
sented by Evolceanu and Lazar (47). They
used the simple device of a two-chambered
system permitting free flow of fluid from one
compartment to the other but not permitting
fungal penetration from one compartment to
the other. They obtained some evidence of
digestion of wool, hair and horn by cell-free
fluid from the adjoining compartment in which
fungi were allowed to grow on keratin substrate.
The fungi investigated were Micros porum canis,
Microsporum gypseum, Clenomyces inter-
digitale, and Clenomyces mentagrophytes.
Failure of the authors to mention what measures
were used to sterilize their keratin substrates
makes it very difficult to evaluate the signifi-
cance of their observations.
We interpret our results as clearly demon-
strating a significant keratinolytic activity
attributable to three of the four organisms
under investigation. It is evident that the kera-
tinolytic process observed in the case of these
dermatophytes is a very slow one in contrast
to the rapid keratinolysis observed by Noval
and Nickerson (15, 16) with their strain of
Streptomyces fradiae. It is possible that the
experimental conditions (temperature, PH, salt
or trace element concentration, size of inoculum,
degree of oxygenation, etc.) may not be opti-
mum for the keratinolytic process and further
evaluation may help to define more clearly the
optimum conditions.
The existence of an extracellular keratinase
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elaborated by the dermatophytes remains to
be established by further investigation. The
presence of keratinolytic activity does not imply
the presence of one enzyme capable of such
activity. Keratinolysis may be the result of a
complex chain of reactions among which reduc-
tion of disulfide linkages occurs at some point
but not necessarily as the primary step. The
ultimate significance of the observations pre-
sented in this study awaits clarification.
SUMMARY
1. Evidence is presented that one strain of
Micros porum canis and two strains of Micro-
sporum gypseum are capable of exerting a
keratinolytic effect on ethylene oxide-sterilized
wool.
2. Ethylene oxide sterilization, in contrast
to the opinions expressed by previous workers,
does alter wool to a limited extent in respect
to enhancing the release of soluble sulfhydryl-
containing compounds by trypsin. Nevertheless,
it is the most satisfactory method for steriliza-
tion of wool for such as investigation.
3. The keratinolytic activity, as measured by
ability to release soluble sulfhydryl-coiitaining
compounds from the wool, was found to exceed
that of trypsin but as yet the existence of an
extracellular keratinase elaborated by these or-
ganisms remains unproven.
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